In terms of mass generation in the strong interaction without chiral symmetry breaking, we perform the first study for light scalar-quarks (colored scalar particles with 3 c or idealized diquarks) and their colorsinglet hadronic states using quenched SU3 c lattice QCD with 5:70 (i.e., a ' 0:18 fm) and lattice size 16 3 32. We investigate ''scalar-quark mesons'' y and ''scalar-quark baryons'' as the bound states of scalar-quarks . We also investigate the color-singlet bound states of scalar-quarks and quarks , i.e., y , , and , which we name ''chimera hadrons.'' All the new-type hadrons including are found to have a large mass even for zero bare scalar-quark mass m 0 at a ÿ1 ' 1 GeV. We find a ''constituent scalar-quark/quark picture'' for both scalar-quark hadrons and chimera hadrons. Namely, the mass of the new-type hadron composed of m 's and n 's, M mn , approximately satisfies M mn ' mM nM , where M and M are the constituent scalar-quark and quark masses, respectively. We estimate the constituent scalar-quark mass M for m 0 at a ÿ1 ' 1 GeV as M ' 1:5-1:6 GeV, which is much larger than the constituent quark mass M ' 400 MeV in the chiral limit. Thus, scalar quarks acquire a large mass due to large quantum corrections by gluons in the systems including scalar quarks. Together with other evidences of mass generation of glueballs and charmonia, we conjecture that all colored particles generally acquire a large effective mass due to dressed gluon effects. In addition, the large mass generation of pointlike colored scalar particles indicates that plausible diquarks used in effective hadron models cannot be described as the pointlike particles and should have a much larger size than a ' 0:2 fm.
I. INTRODUCTION
The origin of mass has been one of the fundamental and fascinating subjects in physics for a long time. A standard interpretation of mass origin is the Yukawa interaction with the Higgs field [1] , of which observation is one of the most important aims of the Large Hadron Collider (LHC) experiment at CERN. However, the mass of Higgs origin is only about 1% of total mass in the world, because the Higgs interaction only provides the current quark mass (less than 10 MeV for light quarks) and the lepton mass (0.51 MeV for electrons) [2] . On the other hand, apart from unknown dark matter, about 99% of mass of matter in the world originates from the strong interaction, which actually provides the large constituent quark mass M 300-400 MeV [3] . Such a dynamical fermion-mass generation in the strong interaction can be interpreted as spontaneous breaking of chiral symmetry, which was first pointed out by Nambu et al. [4] . According to the chiral symmetry breaking, light quarks are considered to have a large constituent quark mass of about 400 MeV [5, 6] . In terms of the mass-generation mechanism, it is interesting to investigate high density and/or high temperature systems, because chiral symmetry is expected to be restored in the system [7] [8] [9] . Several theoretical studies suggest that such a restoration affects the hadron nature [8] [9] [10] [11] . Actually, the experiments at CERN SPS [12] and KEK [13] indicate the change of nature of the vector mesons , !, and in the finite density system. These experiments are important for the study of the mass generation originated from chiral symmetry breaking. In this way, the origin of mass and its related topics, including the Higgsparticle search at LHC and chiral symmetry breaking in QCD, are energetically studied in both sides of theories and experiments.
Then, a question arises: Is there any mechanism of dynamical mass generation without chiral symmetry breaking? To answer this question, we note the following examples supporting the existence of such a mechanism. One example is gluons, i.e., colored vector particles in QCD. While the gluon is massless in perturbation QCD, nonperturbative effects due to the self-interaction of gluons seem to generate a large effective gluon mass as 0:5-1:0 GeV, which is measured in lattice QCD [14, 15] . Actually, glueballs, which are composed of gluons, have a large mass, e.g., about 1.5 GeV [16, 17] even for the lightest glueball (J PC 0 ), and the scalar meson f 0 1500 is one of the candidates of the lowest 0 glueball in the experimental side [2] . Another example is charm quarks. The current mass of charm quarks is about 1.2 GeV at the renormalization point 1 GeV [2] . In the quark model, however, the constituent charm-quark mass which reproduces masses of charmonia is set to be about 1.6 GeV [3] . The about 400 MeV difference between the current and the constituent charm-quark masses can be explained as dynamical mass generation without chiral symmetry breaking, since there is no chiral symmetry for such a heavy-quark system. These examples suggest that there is another type of mass generation without chiral symmetry breaking and the Higgs mechanism. Then, we conjecture that, even without chiral symmetry breaking, large dynamical mass generation generally occurs in the strong interaction, i.e., all colored particles have a large effective mass generated by dressed gluon effects. This is one of the main motivations of the present study on the mass generation of the hadronic systems including light scalar quarks, which do not have the chiral symmetry.
The study is also motivated by the ''diquark picture'' of hadrons [18] [19] [20] [21] . The diquark is made of two quarks which are strongly correlated in the color antitriplet 3 channel, where the one-gluon-exchange interaction between two quarks is most attractive. Sometimes, diquarks are treated as pointlike objects or local boson fields. Degrees of freedom of diquarks seem to be important in some aspects of hadron physics. For example, nucleon structure functions can be explained by the model in which the nucleon is the admixture of a diquark and a quark [18, 19] . Diquarks are also important for hadron spectra [20, 21] . In an extremely high density system, diquark condensation is considered to appear due to the attractive interaction of one-gluon exchange in the color 3 channel. Such a phase is called the color superconductivity phase [22, 23] and it may exist in the interior of neutron stars. However, the properties of diquarks such as the size and the mass are not well understood, in spite of the frequent use of diquarks in hadron physics. We note that the pointlike limit of diquarks in the color 3 channel can be regarded as the scalar quark in a fundamental representation of SU3 c in scalar QCD [24] . Therefore, the theoretical study of scalar quarks with a reliable method is expected to be a good test place to check the validity of the pointlike diquark picture.
In this paper, according to these motivations, we study the light scalar quark belonging to the fundamental representation of SU3 c , and their color-singlet hadronic states using quenched SU3 c lattice QCD [25] . We investigate ''scalar-quark hadrons,'' which are the color-singlet bound states of scalar-quarks , and ''chimera hadrons,'' which are the bound states of and (ordinary) quarks . Using the standard technique of the lattice gauge theory, we calculate the temporal correlators of these new-type hadrons at the quenched level, and extract their mass of the lowest energy state from the correlators. As a result, we find a large mass of the hadron including scalar-quarks . Also we find the ''constituent scalar-quark/quark picture'' for all the new-type hadrons. Namely, the mass of the newtype hadron which is composed of m 's and n 's, M mn , satisfies M mn ' mM nM , where M and M are the constituent scalar-quark and quark masses, respectively. The constituent scalar-quark mass M estimated from the masses of these new-type hadrons is found to be much larger than the constituent quark mass M ' 400 MeV for light quarks. This result suggests that, in the system of colored scalar particles, there occurs large mass generation in the strong interaction without chiral symmetry breaking.
The article is organized as follows. In Sec. II, the new states including scalar quarks, ''scalar-quark hadrons'' and ''chimera hadrons,'' are introduced. In Sec. III, we present the formalism of lattice QCD including scalar quarks, the setup of the lattice calculations, and the method to extract the masses of the new-type hadrons. In Sec. IV, we show the numerical results of the scalar-quark hadrons, i.e., scalar-quark mesons y and scalar-quark baryons , and investigate the constituent scalar-quark picture and mass generation of scalar quarks. In Sec. V, we show the numerical results of the chimera hadrons, i.e., chimera mesons y and chimera baryons, and , and analyze them in terms of the constituent scalar-quark/quark picture and their structure. Sec. VI is devoted to conclusion and discussion.
II. NEW STATES INCLUDING SCALAR QUARKS: SCALAR-QUARK HADRONS AND CHIMERA HADRONS
In this section, we explain the new-type hadrons introduced in this study: various color-singlet systems including light scalar-quarks . We call the color-singlet state composed only of scalar-quarks as a ''scalar-quark hadron'': the scalar-quark meson is composed of a scalar quark and an anti-scalar-quark, y , and the scalar-quark baryon is made of three scalar quarks, . The scalar-quark meson field M s x and the scalar-quark baryon field B s x can be expressed by gauge-invariant local operators as
(1)
where the scalar-quark field a x (a 1, 2, 3) belongs to the fundamental (3 c ) representation of SU3 c . In the above equations, a, b, and c denote the color indices, and abc is the antisymmetric tensor for color indices. Here, we have generally introduced different species of scalar quarks, which leads to the ''scalar-quark flavor'' degrees of freedom. In Eqs.
(1) and (2), i, j, and k denote the scalar-quark flavor indices, and ÿ ij M and ÿ ijk B are some tensors on the scalar-quark flavor. We note that, for the local-operator description of scalar-quark baryons, the number N scalar f of the scalar-quark flavor should be N scalar f 3. Actually, for N scalar f 2, the local scalar-quark baryon operator vanishes due to the antisymmetric tensor abc , although a non-localoperator description is possible for scalar-quark baryons. In contrast, scalar-quark mesons can be described with local operators at any number of N scalar f
1.
We call the color-singlet state made of scalar-quarks and (ordinary) quarks as a ''chimera hadron'': chimera mesons y and chimera baryons, and . The chimera meson field C M x and the chimera baryon field, C B x and C B x, can be expressed by gauge-invariant local operators as
where denotes the spinor index. ÿ ij B is some tensor on the scalar-quark flavor. We also note that, for the localoperator description of the -type chimera baryon, the scalar-quark number N scalar f is to be N scalar f 2. For N scalar f 1, the local operator of the -type chimera baryon vanishes due to the antisymmetric tensor abc like the scalar-quark baryon case, although a non-localoperator description is possible. On the other hand, chimera mesons y and chimera baryons can be described with local operators at any number of N scalar f 1.
We comment on the single-flavor case of the scalar quark. In this case, from the symmetric property of bosons and the antisymmetric property on the color quantum number, the space-time coordinates of bosons are to be antisymmetrized in scalar-quark baryons and chimera baryons , and therefore the local operators for these hadrons inevitably vanish, as explained above. In fact, scalar-quark baryons and chimera baryons are expressed with antisymmetric functions x i as
which are not local form and should be constructed in a gauge-invariant manner [26, 27] . However, the states antisymmetrized on the space-time coordinates of are expected to be rather heavy, since the one or two scalar quarks in those hadrons are not in the lowest S-wave state in a single-particle picture. (This situation is similar to the early stage of the quark model and the introduction of ''color'' quantum number for quarks by Han and Nambu [28] .) Therefore, we consider the multiflavor case and use the local operators for and in Eqs. (2) and (5), since these operators are expected to couple with the lowest state in each channel, which is suitable for the investigation of the mass generation of scalar quarks.
In Fig. 1 , we show the diagrams for scalar-quark hadrons, corresponding to the two-point correlator of scalarquark mesons ( y ) and that of scalar-quark baryons (). The dotted line denotes the scalar-quark , and the arrow denotes the current of the color in fundamental representation. For scalar-quark mesons, we only investigate nonsinglet states of the scalar-quark flavor, and therefore the disconnected diagram does not appear in our calculation. For scalar-quark baryons, no disconnected diagram appears at the quenched level like ordinary baryons, because of the conservation law of the color quantum number. (Note that the scalar-quark belongs to the fundamental representation, 3 c .)
In Fig. 2 , we show the diagrams for chimera hadrons, corresponding to the two-point correlator of the chimera meson ( y ) and that of the chimera baryon ( and ). The dotted line corresponds to the scalar-quark and the solid line corresponds to the (ordinary) quark . Also for chimera mesons and chimera baryons, no disconnected diagram appears at the quenched level, because of the conservation law of the color quantum number and the quark number. In fact, disconnected diagrams appear only for the flavor-singlet scalar-quark meson.
We note that the statistical property for these new-type hadrons is rather different from that for ordinary hadrons. For example, the scalar-quark baryon is a boson and the chimera meson y is a fermion, while ordinary baryons are fermions and ordinary mesons are bosons. In Table I , we summarize the names, Lorentz properties, and gauge-invariant local operators for the new-type hadrons. We study the mass generation of scalar quarks by investigating the various color-singlet systems including scalar quarks in the lattice gauge theory.
III. FORMALISM AND SETUP OF LATTICE QCD FOR SCALAR QUARKS
In this section, we present the lattice QCD formalism for scalar quarks and the setup for the actual calculation. To include scalar-quarks together with quarks and gluons A A a T a in QCD, we adopt the generalized QCD Lagrangian density
L SQ trD y D ÿ m 2 tr y ; (10) in the continuum limit in the Minkowski space. Here, the scalar-quark field t 1 ; 2 ; 3 c belongs to the fundamental (3 c ) representation of the color SU(3) like the quark field t 1 ; 2 ; 3 c . m is the bare mass of quarks and is expressed as a diagonal matrix in the flavor space. Similarly, m is the bare mass of scalar quarks, and is expressed as a diagonal matrix in the scalar-quark flavor space. In this study, all the quarks are taken to have the same bare mass m , and all the scalar quarks are taken to have the same bare scalar-quark mass m .
G a denotes the field strength tensor defined as
where f abc is the structure constant of SU3 c and 6 D D denotes the covariant derivative,
In the lattice calculation, we discretize this action in the Euclidean metric. For the gluon sector, we adopt the standard plaquette action [29] ,
Re Trf1 ÿ P xg;
with 2N c =g 2 . The plaquette P x is given by
where U x 2 SUN c is the link variable, corresponding to the gluon field as U x ' expiagA x near the continuum limit. denotes the unit vector of the direction on the lattice. For the quark part, we use the Wilson fermion action [29] ,
where is the hopping parameter related to the bare quark mass m . The Wilson fermion action includes Oa discretization error, which can be reduced by using the Oa-improved fermion action [30, 31] . For scalar quarks, we take the local and simplest gaugeinvariant action,
Note that the scalar-quark action only includes Oa 2 discretization error, which is the same order of that in the gauge action and is higher order than that of the Wilson fermion action. In contrast to the fermion case, the indirect bare-mass parameter such as for quarks is not needed to calculate the scalar-quark system, since no doubler appears and the Wilson term is not necessary for the scalar field. Therefore, we can directly use the bare mass m for the lattice calculation of scalar quarks.
In this lattice action, the scalar-quark is introduced as a local field on the lattice with spacing a, and therefore the scalar-quark can be regarded as an elementary local field at the renormalization point a ÿ1 or a pointlike (composite) object with the intrinsic size of Oa. When the scalar-TABLE I. Summary table of new-type hadrons, i.e., scalar-quark hadrons and chimera hadrons. Names, Lorentz properties, and gauge-invariant local operators used for our lattice calculation are listed. The indices i, j, and k denote the scalar-quark flavor degrees of freedom. 
Names
Lorentz properties Local operators
quark is identified as a diquark, the scalar-quark should be interpreted as an effective degree of freedom like an idealized pointlike diquark with the size of Oa.
Here, we comment on the bare mass of the scalar quark. As is well known, the current quark mass is induced by the interaction with the Higgs scalar field, but appears as a bare parameter in QCD. Similarly, the bare mass m of the scalar quark can be regarded as an effective mass at the scale of a in the lattice gauge theory, and m may be induced by an underlying interaction except for QCD, e.g., m may appear as the mean-field value in the 4 theory. In fact, once the scalar-quark field with the bare mass m at the renormalization scale a is given, the effect of the gluon interaction during the propagation of scalar quarks in the gluonic medium can be investigated in the quenched lattice gauge theory.
We choose 2N c =g 2 5:70, which corresponds to the lattice spacing a ' 0:18 fm ' 1:1 GeV ÿ1 [26] . One of the reasons to adopt the coarse lattice a ' 0:2 fm is to investigate the idealized pointlike diquark with a possible extension of about 0.2 fm. We adopt the 16 3 32 lattice, which corresponds to the spatial volume V ' 2:9 fm 3 . The number of the gauge configurations N conf is 100. We take the configurations every 500 sweeps after 20 000 sweeps for thermalization. For the bare scalar-quark mass, m 0:0, 0.11, 0.22, and 0.33 GeV are adopted. For the bare quark mass, we take the hopping parameters 0:1650, 0.1625, and 0.1600. The corresponding bare quark masses m are roughly estimated as 0.09, 0.14, and 0.19 GeV [32, 33] , if one uses the tree-level relation 2m a 1= ÿ 1= c , where c 0:1694 is the critical hopping parameter where the pion is massless. These parameters are summarized in Table II . In Table III , the masses of pions, mesons, and nucleons calculated on our lattice are shown for each hopping parameter , together with the rough estimate of bare quark masses m . In this paper, we adopt the jackknife error estimate for the lattice results.
We calculate the following temporal correlator Gt of the hadronic operator Ox; t,
where the total momentum is projected to be zero. To extract the lowest-state mass M 0 of a hadron, we fit the temporal correlator by the single exponential function G fit t A expÿM 0 t in the region t min ; t max where the lowest energy state dominates. For the determination of the fit range, we construct so-called effective mass,
If Gt is dominated by the lowest state with mass M 0 in a certain region for large t, then m eff t ' M 0 for the t region. In other words, if there is a plateau region of m eff t for large t, the correlator is dominated by the lowest energy state for the t region. Therefore, we set the fit region t min ; t max of the correlator from the plateau region t min ; t max ÿ 1 of the effective mass. Figure 3 is the examples of effective masses for (a) scalar-quark mesons y , (b) scalar-quark baryons , (c) chimera mesons y , (d) chimera baryons , and (e) chimera baryons . In these effective masses, we can see the plateau regions. We note here that the error estimate is done by the jackknife method for all the data in this study.
In this way, using the standard lattice QCD technique, we can extract the lowest mass for the new-type hadrons including scalar quarks like the ordinary hadrons.
IV. RESULTS FOR SCALAR-QUARK HADRONS
In this section, we show lattice results for the mass of scalar-quark hadrons, namely, scalar-quark mesons y and scalar-quark baryons . Figure 4(a) shows the scalar-quark meson mass M y plotted against the bare scalar-quark mass m . In Fig. 4(a) , we find a large mass of about 3 GeV for the scalar-quark meson, even for zero bare scalar-quark mass, m 0. This scalar-quark meson mass is rather large compared to the ordinary low-lying mesons composed of light quarks. Figure 4 (b) shows the scalarquark baryon mass M plotted against m . In Fig. 4(b) , we find also a large mass of about 4.7 GeV for the scalarquark baryon, even for zero bare scalar-quark mass. The numerical data for these figures are listed in Table IV . From the data of these scalar-quark hadrons, the ''constituent scalar-quark picture'' seems to be satisfied, i.e., M y ' 2M and M ' 3M , where M is the constituent (dynamically generated) scalar-quark mass and is 1.5-1.6 GeV. Thus, in the scalar-quark hadron systems, there occurs large mass generation of scalar quarks (large quantum correction to the bare scalar-quark mass) in the strong interaction without chiral symmetry breaking.
In the quark system, the propagator of quarks at m 0 cannot be calculated practically in lattice QCD simulations. However, in the scalar-quark system, we can calculate the propagator of scalar quarks even at m 0. including the results for m 2 < 0 plotted against m 2 . Table V shows the lattice data for m 2 < 0. As a remarkable fact, the lattice calculation can be performed even with m 2 < 0, because the large quantum correction makes the hadron masses positive even with such a ''tachyonic'' bare scalar-quark mass.
In Figs. 4 
These relations can be naturally explained with the quantum correction for the scalar field as
together with the constituent scalar-quark picture as M y ' 2M and M ' 3M . Here, denotes the self-energy of the scalar-quark field , and its m -dependence is expected to be rather small for the region of jm 2 j . Note that Eq. (21) is the natural relation between the renormalized mass and the bare mass for scalar particles. Note again that we can perform the lattice calculation even for some negative-value region of m 2 due to the large quantum correction, i.e., the large self-energy . The calculation breaks down technically at about m 2 ' ÿ1:2 GeV 2 , where the scalar-quark hadron masses become almost zero. In the actual lattice calculation, the iteration process for obtaining the scalar-quark propagator does not converge in the region about m 2 < ÿ1:2 GeV 2 . To enforce the validity of the constituent scalar-quark picture, we show in Fig. 5(c) the ratio of the scalar-quark baryon mass M to the scalar-quark meson mass M y , i.e., M =M y , plotted against the bare scalar-quark mass m 2 . Except for the large negative region of m 2 , we find the relation of the constituent scalar-quark picture as
where 3=2 is the ratio of the ''constituent number'' of the scalar quarks in the new-type hadrons.
V. RESULTS FOR CHIMERA HADRONS
Next, we show lattice QCD results for the mass of chimera hadrons: chimera mesons y and chimera baryons, and . Figures 6 -8 show the mass of chimera mesons y and chimera baryons, and , plotted against the pion mass M Table VI is the summary of the mass of chimera hadrons.
In Fig. 6 , the large mass of chimera mesons y can be seen. The extrapolated value of M y at M 2 0 and m 0 is 1.86 GeV. Similar to scalar-quark hadron masses, M y is very large compared to ordinary low-lying mesons composed of light quarks. Also, we find a constituent scalar-quark/quark picture, i.e., TABLE VI. The mass of chimera hadrons (bound states of scalar-quarks and quarks ) in terms of the bare scalar-quark mass m and hopping parameter at a ÿ1 ' 1:1 GeV. M y , M , and M denote the mass of chimera mesons y and chimera baryons ( , ), respectively. The unit is GeV. 2 As for the chimera baryon , the same tendency as chimera mesons y is observed in Figs. 6 and 7 in terms of m and M dependence. We find also the constituent scalar-quark/quark picture: M ' M 2M for M ' 1:5 GeV and M ' 400 MeV. m -dependence of M is weak and is almost the same as that of the chimera meson. For M -dependence, the difference between M m 0; M 2 0 and M m 0; M 2 0:75 GeV 2 is about 320 MeV. This is about the same value of 2m ' 380 MeV. The factor 2 is from the fact that the chimera baryon includes two 's. For the chimera baryon , we can see that it has the same tendency as chimera mesons y and chimera baryons in terms of m and M dependence from Figs. 6 -8. The constituent scalar-quark/quark picture, M ' 2M M for M ' 1:6 GeV and M ' 400 MeV, is satisfied. The magnitude of m -dependence of M is about twice larger than that of chimera mesons, because the chimera baryon has two 's. m -dependence is almost the same as that of chimera mesons.
The small m -dependence of chimera hadrons can be explained by the following simple theoretical consideration. As was already mentioned in Sec. IV, we find the relation among M , m , and as M 2 ' m 2 in Eqs. (19) and (20), where the self-energy has only weak m -dependence and is almost constant. On the other hand, the mass of the chimera hadron including n 's and n 's, M n n , is approximately described by Using Eqs. (21) and (23), we obtain for jm -dependence of the chimera hadron masses can be explained with Eq. (24), and the m -dependence is rather weak due to the large self-energy of scalar quarks, . Here, we also note the particular similarity between chimera mesons y and -type chimera baryons in Figs. 6 and 8 . To see this, we investigate the M 2 -dependence of chimera mesons y and chimera baryons, and . The relation between the bare quark mass m , the constituent quark mass M , and the self-energy for quarks, , is described as
The bare quark mass m is proportional to the pion mass squared M 2 in the small m region, i.e., near the chiral limit, from the Gell-Mann-Oaks-Renner relation,
qqi. Inserting Eq. (25) into Eq. (24), the mass M n n of the chimera hadron including n 's and n 's is estimated in terms of m
We investigate the mass difference, 
for the chimera hadrons including n 's and n 's. Then, we expect the following relation near the chiral limit as
(28) Figure 10 shows M y , M , and M =2 plotted against M 2 at m 0, 0.11, 0.22, and 0.33 GeV. We find a clear linear M 2 -dependence for these chimera hadrons. Since the four data with different values of m almost coincide at each case of chimera hadrons, there is almost no m -dependence for these mass differences, indicating that the quark in chimera hadrons is insensitive to the bare scalar-quark mass m . We find the accurate coincidence between M y and M within several MeV, and some deviation between these two and M =2. Therefore, we expect a similar structure between the chimera meson y and the chimera baryon , while the chimera baryon is somewhat different from these two chimera hadrons.
These features can be understood by the following nonrelativistic picture. Because of the large mass of the scalar quark, the wave function of y in the chimera meson y is localized near the center of mass of the system, and the wave function of distributes around the heavy antiscalar-quark as shown in Fig. 11(a) . On the other hand, for chimera baryons , two 's get close in the onegluon-exchange Coulomb potential due to their heavy masses. Therefore, two 's behave like a pointlike ''discalar-quark.'' As a result, the structure of chimera baryons is similar to that of chimera mesons y : the wave function of is localized near the center of mass, and that of distributes around as shown in Fig. 11(b) . The difference between these two systems is only the mass of the heavy object (M for y and 2M for ). The heavy-light system is mainly characterized by the light object, because the heavy object only gives the potential and the reduced mass in the system is almost the mass of the light object. We note that such a similarity between the chimera meson y and the chimera baryon is originated from the large quantum correction of bare scalar-quark mass m .
VI. CONCLUSION AND DISCUSSION
We have performed the first study for the light scalarquarks and their color-singlet hadronic states using quenched SU3 c lattice QCD in terms of their mass generation. We have investigated the scalar-quark bound states (scalar-quark hadrons): scalar-quark mesons y and scalar-quark baryons . We have also investigated the bound states of scalar-quarks and quarks, which we name ''chimera hadrons'': chimera mesons y and chimera baryons, and . For the lattice QCD calculation, we have adopted the standard plaquette action for the gluon sector, and the Wilson fermion action for the quark sector. We have presented the simplest local and gauge-invariant lattice action of scalar quarks. We have adopted 2N c =g 2 5:70, which corresponds to the lattice spacing a ' 0:18 fm 1:1 GeV ÿ1 , and lattice size 16 3 of each new-type hadron by a single exponential function, we have extracted the mass of the lowest state of the hadrons.
For the scalar-quark hadrons, we have found their large mass. The masses of scalar-quark mesons y and scalar-quark baryons at m 0 are about 3 and 4.7 GeV, respectively. We have found the constituent scalar-quark picture, i.e., M y ' 2M and M ' 3M , where M is the constituent scalar-quark mass about 1.5 GeV. We have also found that, even in the case of m 2 0, the calculation can be performed for m 2 ÿ1:2 GeV 2 . m -dependence of scalar-quark hadron masses squared is linear with respect to m 2 except for the large negative region of m 2 . This is natural because the relation between the constituent scalar-quark mass M and bare scalar-quark mass m is written as M 2 m 2 . For the chimera hadrons, we have also found their large masses: M y ' 1:9 GeV, M ' 2:2 GeV, and M ' 3:6 GeV, for m 0 and M 0. The constituent scalar-quark/quark picture is also satisfied, i.e., M mn ' mM nM , where constituent scalar-quark mass M 1:5-1:6 GeV and constituent quark mass M 400 MeV. m -dependence of chimera-hadron masses is weak and the bare quark mass m seems to govern their systems in our calculated range of m and m . The small m -dependence of chimera hadrons can be explained by a simple theoretical consideration. Because of the large mass generation of , there occurs similarity of the structure between chimera mesons y and chimera baryons .
The large mass generation of the scalar-quark reflects the general argument of large quantum corrections for scalar particles. As another famous example, the Higgs scalar field suffers from large radiative corrections in the grand unified theory (GUT), and to realize the low-lying mass of the Higgs scalar inevitably requires ''fine-tuning'' related to the gauge hierarchy problem [24, 34] . In fact, while the typical energy scale of the electroweak unification is about O10 2 GeV and the Higgs scalar mass is to be also O10 2 GeV, the GUT scale, i.e., the typical energy scale of the electroweak and strong unification is conjectured to be extremely large as E GeV. In the simple GUT scenario, the standard model is regarded as an effective theory applicable up to the GUT scale E GUT , which can be identified as the cutoff scale of the standard model as E GUT . For the self-energy of the Higgs scalar, H , there appears a large quantum correction including second-order divergence as H 2 , with the cutoff parameter . This is because scalar particles do not have symmetry restriction like the chiral symmetry for light fermions and the gauge symmetry for vector gauge bosons. Therefore, it is natural that the Higgs scalar receives a huge quantum correction of order E GUT , and, in order to realize the low-lying physical Higgs mass of order 10 2 GeV, an extreme fine-tuning is necessary for the bare mass of the Higgs scalar. This is the problem of fine-tuning for the Higgs scalar. In lattice QCD, the self-energy of scalar-quarks also receives a large quantum correction including the second-order divergence as 2 , similar to the Higgs scalar. Since the constituent mass M of the scalar quark satisfies the relation of M 2 ' m 2 with the bare mass m from a general argument of the scalar field, the constituent scalar-quark mass M takes a large value even at m 0 as M ' 1=2 . Note here that the lattice QCD can be regarded as a cutoff theory with the cutoff about the lattice spacing as a ÿ1 . Actually, the quantum correction to the scalar-quark mass is found to be about 1.5 GeV in this lattice study, which is approximately the same order of the cutoff scale a ÿ1 ' 1:1 GeV. (From a finer lattice calculation at 6:10 in the Appendix, the large quantum correction for the scalar-quark mass is conjectured to be proportional to the lattice cutoff scale.) In this way, the large quantum correction to the scalar quarks is naturally explained.
Here, we comment on the continuum limit of the system including scalar quarks. As was already shown, the quantum correction for the scalar-quark mass is quite large and becomes infinite in the continuum limit, which is indicated by a finer lattice calculation at 6:10 in the Appendix. To take the continuum limit with keeping the (constituent) scalar-quark mass finite, one has to tune the bare scalarquark mass so as to make the related physical quantities like scalar-quark hadron masses finite, during the decrease of lattice spacing. In the fine-tuned case, the bare scalarquark mass squared becomes negative infinity so as to cancel the infinitely large quantum correction. In this way, the continuum limit where the (constituent) scalarquark mass is finite can be achieved by tuning the bare mass of scalar quarks in principle. However, without such a fine-tuning, the scalar-quark systems are conjectured to be infinitely massive and to lose the physical relevance in the continuum limit, because of the large quantum correction for the scalar-quark mass. This situation is rather different from that of fermion systems in QCD, where such a finetuning of the bare mass is not needed.
To include dynamical scalar quarks is one of the possible future works. Since the scalar quarks are described to be Grassmann-even variables like real numbers, we can set the scalar-field variable x directly on the lattice using real numbers, and perform the actual Monte Carlo calculation including dynamical scalar quark using the standard heat-bath algorithm. This point is essentially different from the case of fermions: since fermions are described by Grassmann-odd variables, to include the dynamical effect of fermions in the Monte Carlo calculation, a huge calculation of fermionic determinant is needed. In contrast, to include the dynamical scalar quarks, we need not perform the huge calculation of functional determinant of the scalar field. However, the dynamical effect of such a ''heavy'' scalar quark is expected to be small in the actual calculation, considering the large constituent scalar-quark mass generation as M ' 1:5-1:6 GeV.
In terms of the diquark picture, we find that the pointlike diquarks interacting with gauge fields have large mass about 1.5 GeV at the cutoff a ÿ1 ' 1 GeV which is about the hadronic scale. The diquark mass of about 1.5 GeV is too heavy to use in effective models of hadrons. Therefore, the lattice result indicates that the simple modeling which treats the diquark as a local scalar field at the scale of a ÿ1 1 GeV in QCD is rather dangerous. If we treat the diquark as a pointlike object, we must do the subtle tuning of the diquark model, and the model cannot be a simple one like QCD.
In this way, even without chiral symmetry breaking, large dynamical mass generation occurs for the scalarquark systems as scalar-quark/chimera hadrons. Together with the large glueball mass ( > 1:5 GeV) and large difference ( 400 MeV) between current and constituent charm-quark masses, this type of mass generation would generally occur in the strong interaction, and therefore we conjecture that all colored particles generally acquire a large effective mass due to dressed gluon effects as shown in Fig. 12 .
APPENDIX: SCALAR-QUARK MESON MASS AT

6:10
In this Appendix, regarding the scalar quark as a pointlike object, we investigate the scalar-quark meson mass M y with a finer lattice at 6:10 to check the approximate relation that the large self-energy for scalar quarks is almost proportional to the cutoff scale as q / a ÿ1 . The lattice spacing a at 6:10 is about twice smaller [a ' 0:086 fm ' 2:3 GeV ÿ1 [35] ] than that at 5:70 [a ' 0:18 fm ' 1:1 GeV ÿ1 ], so that the ultraviolet cutoff at 6:10 is about twice larger than that at 5:70. We summarize the parameters of the lattice calculation in Table VII .
The lattice result for the scalar-quark mass at 6:10 is summarized in Table VIII . We show in Fig. 13 ' m 2 , with being almost m -independent. At 6:10, the scalar-quark meson mass M y at m 0 is found to be about 5.5 GeV, and thus the self-energy for scalar quarks is estimated as q ' 2:8 GeV, which is about twice larger than that at 5:70. We compare the lattice result at 6:10 with that at 5:70 for the scalar-quark meson mass M y in the case of m 0, because of M y ' 2 q in the constituent picture. For m 0, we find the approximate scaling relation as M y aj 6:10 M y aj 5:70 ' 0:9;
which indicates a large quantum correction as q / a ÿ1 mentioned in Sec. VI. In this way, if one considers the pointlike scalar quark, its self-energy diverges in the continuum limit, and hence, to eliminate the divergence depending on the cutoff, one needs a fine-tuning of the bare scalar-quark mass m . For the argument of the diquark, however, there appears a natural cutoff corresponding to its intrinsic size as a composite object. 
